Bile duct morphogenesis involves sequential induction of biliary specific gene expression, bilayer generation, cell proliferation, remodeling and apoptosis. HBC-3 cells are a model system to study differentiation of hepatoblasts along the hepatocytic or bile ductular lineage in vitro and in vivo. We used microarray to define molecular pathways during ductular differentiation in response to Matrigel. The temporal pattern of expression of marker genes induced was similar to that observed during bile duct formation in vivo. Notch, HNF1b, Polycystic kidney disease 2, Bicaudal C 1 and b-catenin were up regulated during the time course. Functional clustering analysis revealed significant up regulation of clusters of genes involved in extracellular matrix remodeling, ion transport, vacuoles, lytic vacuoles, pro-apoptotic and anti-apoptotic genes, transcription factors and negative regulators of the cell proliferation, while genes involved in the cell cycle were significantly down regulated. Notch signaling pathway was activated by treatment with Matrigel. In addition, TGFb/BMP signaling pathway members including the type I TGFb receptor and Smads 3, 4 and 5 were significantly up regulated, as were several TGFb/BMP responsive genes including Hey 1, a regulator of Notch pathway signaling. SMADS 3, 4 and 5 were present in the nuclear fraction of HBC-3 cells during ductular differentiation in vitro, but not during hepatocyte differentiation. SMAD 5 was preferentially expressed in hepatoblasts undergoing bile duct morphogenesis in the fetal liver, while the TGFb/BMP signaling antagonist chordin, was expressed throughout the liver suggesting a mechanism by which TGFb/BMP signaling is limited to hepatoblasts that contact portal mesenchyme in vivo. q
Introduction
The endodermal components of the liver, hepatocytes and cholangiocytes, originate from a common progenitor, the hepatoblast (Lemaigre, 2003; Rogler, 1997; Shiojiri, 1997; Strick-Marchand et al., 2004; Strick-Marchand and Weiss, 2002) . Albumin expressing hepatoblasts arise from the ventral foregut endoderm following specification and are induced by interaction involving FGF from the cardiac mesoderm at about embryonic day 8.0-8.5 (Jung et al., 1999) and later BMP signaling from the septum transversum (Rossi et al., 2001 ). Bipotent hepatoblasts have been identified in tissue sections, using albumin as a marker, as early as embryonic day 9.0 in the mouse (Shiojiri, 1997) . Cell lines have been derived from the developing liver on embryonic days 9.5 (Rogler, 1997) and 14.5 (Strick-Marchand and Weiss, 2002) . These cell lines are capable of differentiating into hepatocyte and bile duct like cells in vitro and are capable of contributing to both hepatocyte and cholangiocyte populations in the adult liver following intrasplenic transplantation (Rogler, this manuscript; Strick-Marchand et al., 2004) suggesting that these cell lines retain the properties of bipotent hepatoblasts and represent useful model systems for the study of bipotential differentiation.
HBC-3 is a clonal, euploid, murine fetal hepatoblast cell line that can be induced to differentiate either toward the hepatocytic or bile ductular lineages (Rogler, 1997) . These cells represent a cellular model from which we can obtain a comprehensive genome wide understanding of the gene expression changes associated with decisions in cell fate. In a previous report, we began to characterize gene expression changes associated with hepatocytic differentiation of HBC-3 cells using cDNA microarray (Plescia et al., 2001) . We found that the cells become more liver like in their transcription pattern when treated with DMSO. In addition, using this approach we discovered a multifaceted down regulation of the Wnt/b-catenin pathway accompanied by the repression of TCF target genes during HBC-3 differentiation indicating that the Wnt/b-catenin pathway signaling is active in hepatoblasts, but must be inactivated for hepatocytic differentiation to proceed. Subsequently, it has been shown that the Wnt/bcatenin pathway is indeed down regulated during a window of mouse liver development and that this pathway plays a role in the control of hepatic progenitor proliferation (Micsenyi et al., 2004; Monga et al., 2003; Suksaweang et al., 2004) . During normal liver development, hepatoblasts adjacent to the portal mesenchyme begin to express bile duct specific cytokeratins and differentiate into a single layer of columnar epithelial cells called the ductal plate (Germain et al., 1988; Shiojiri, 1984a,b; Van Eyken et al., 1988) . The ductal plate becomes bilayered and small focal dilations form between the two layers. The bilayered ductal plate then remodels around these dilations to form ducts and the cells between the ducts disappear (Clotman et al., 2002) . The morphogenesis of bile ducts requires the coordination of cellular processes including the induction of biliary specific gene expression, bilayer generation, cell proliferation, remodeling and apoptosis. The driving force for this morphogenesis appears to be the interaction of biliary precursors with the portal mesenchyme.
The Notch signaling pathway controls a wide variety of developmental processes (Artavanis-Tsonkonas et al., 1999) and appears to be part of the inductive signal from the portal mesenchyme required for the onset of bile duct morphogenesis. The Notch proteins are membrane bound signaling receptors. Although Notch and its ligands, Jagged and Delta, are expressed by both hepatocytes and bile ducts in the developing liver, there is evidence that Notch signaling may play a role in cell fate decisions during liver development. Alagille syndrome, an inherited disease involving a paucity of bile ducts, is caused by a mutation in Jagged1 (Li et al., 1997; Oda et al., 1997; Ropke et al., 2003) . Mice that are compound heterzygotes for mutations in the Notch2 and Jagged1 genes have a phenotype that is similar to Alagille syndrome. Notch signaling is at least in part responsible for the induction of bile duct differentiation and morphogenesis since the initiation of Notch signaling alters the expression of liver enriched transcription factors. HNF1a, HNF4 and C/EBPa were down regulated and HNF1b was up regulated in isolated hepatoblast cells expressing the Notch intracellular domain (Tanimizu and Miyajima, 2004) .
b-catenin also appears to have multiple roles in liver development. During the early stages of liver development, b-catenin is expressed in the nucleus of bipotential hepatoblasts and its level of expression correlates with cell proliferation in the developing liver (Micsenyi et al., 2004.) . Later in liver development, b-catenin seems to play a role in biliary differentiation since treatment with a b-catenin antisense morpholino inhibits the development of cholangiocytes in fetal liver explant culture (Monga et al., 2003) .
Gene targeting experiments have yielded additional information about genes that play an important role in the formation of bile ducts. The liver enriched transcription factors HNF1b and HNF6 play a role in bile duct ontogeny. Both HNF1b and HNF6 null mice have aberrant intra-and extra-hepatic bile duct formation (Clotman et al., 2002; Coffinier et al., 2002) .
Genes that play a role in tubule formation in other tissues also have a role in bile duct formation. Bile ducts are greatly expanded, and biliary cysts form in liver of animals null for Bicaudal C and Polycystic kidney disease 2, suggesting that these genes play a role in bile duct morphogenesis as well (Nauta et al., 1993; Pennekamp et al., 2002) . Recessive mutations of the human homologs of these two genes produce a similar phenotype (Daoust et al., 1995; Deltas, 2001) .
Here, we document the stepwise phenotypic changes in HBC-3 cells when they are plated on a Matrigel substrate. Formation of ductular structures proceeds rapidly and reaches an end point, where duct-like structures are visible by electron microscopic analysis. In an effort to broaden our understanding of the molecular mechanisms behind this cell fate decision and morphogenesis, we have used microarray analysis to examine the global changes in gene expression that accompany the differentiation of HBC-3 hepatoblast cells in response to Matrigel. Changes in expression of genes in key signaling pathways described above were observed. In addition, many additional molecular alterations related to the bile duct phenotype were discovered. Our data mining has confirmed previously known gene expression changes during ductular formation, and has identified pathways that have not been previously linked to bile ductular morphogenesis. A greater understanding of the molecular pathways that are involved in the control of duct morphogenesis by hepatoblast-like cells will also help in understanding the genesis of abnormalities of the bile ducts such as primary biliary cirrhosis and cholangiocarcinoma and may lead to target molecules for therapy.
Results

HBC-3 clone 8 cells give rise to both hepatocytes and bile ducts in vivo
A significant and defining property of hepatoblast cells is that they are bipotential progenitor cells that differentiate into both hepatocytes and cholangiocytes during liver ontogeny. While it is not technically feasible, at present, to place HBC-3 cells back into the environment of the fetal liver in vivo, it is possible to assay the developmental potential of these cells in the postnatal liver following intrasplenic transplantation. In order to determine if HBC-3 cells retain their hepatoblast identity, clonally isolated GFP expressing HBC-3 clone 8 cells were transplanted to the liver of neonate Alb-UPA C/K Rag 2 null animals (Petersen et al., 1998) . The livers of these animals were assayed for the presence of GFP expressing hepatocytes and cholangiocytes to determine if HBC-3 cells could differentiate hepatocytes and bile ducts when placed in the environment of the postnatal liver. Analysis of liver tissues from these animals demonstrated the presence of large clusters containing hundreds of GFP labeled hepatocytes linked to endogenous hepatocytes with a common DPPIV bile canalicular staining pattern (Fig. 1A-D) . The insets A 0 and C 0 show a higher power view detailing the expression of GFP in cells that express bile cannicular DPPIV activity indicating that these cells are hepatocytes derived from GFP positive clone 8 cells.
In order to identify cholangiocytes within sections of transplanted liver sections were stained with MAB1612 antibody (Fig. 1F and J) . This antibody stains acidic cytokeratins 10, 14, 16 and 19; and preferentially stains bile ducts in normal adult mouse liver (Fig. 1S , supplementary data). GFP labeled cells were localized to MAB1612 stained bile ducts in some sections (Fig. 1G and K) . In some cases GFP labeled cells were found in both bile duct and within adjacent hepatocytes (Fig. 1G ). These data suggest that HBC-3 clone 8 cells maintain the capacity to give rise to both hepatocytes and bile ducts when placed into the neonatal liver and thus have retained their hepatoblast identity.
Morphological changes in response to culture on matrigel
We have previously shown that HBC-3 cells undergo differentiation into bile duct-like cells when plated on Matrigel (Rogler, 1997) . We conducted a detailed analysis of the early time course of cell movement and differentiation on Matrigel. On Matrigel, HBC-3 cells undergo a rapid reorganization from single cells into bile duct-like units that form a network on the surface of the Matrigel (Fig. 2) . From 0 to 0.5 h after plating the single cells reorganize on the Matrigel layer into linear groups (Fig. 2) . From 1 to 3 h, the cells send out pseudopods and connections between the linear groups begin to form. At 3 h, distinct columns of cells have formed and by 5 h the columns of cells have continued to enlarge and to reorient themselves (Fig. 2) . At 24 h distinct networks that resemble bile duct networks in the liver are formed on the surface of the Matrigel.
EM analysis at this time reveals ductular structures that have a lumen with immature tight junctions (Fig. 3A) . At 3 days, they have numerous microvilli on their lumenal surface and numerous membrane bound vesicles and more mature tight junctions (Fig. 3B ). This morphological differentiation is accompanied by expression of bile duct markers (Table 1) . 
Biochemical markers of cholangiocyte differentiation
We have used several markers to assay bile duct differentiation in our system. Many markers, that are currently used to describe bile duct differentiation, are also expressed in other tissues or by different cell types during liver development. Consequently, it is the overall pattern of expression of several markers that provide a profile for the bile duct phenotype. The undifferentiated HBC-3 cells express AFP, c-kit, CK14, albumin, and the liver enriched transcription factors HNF1a, HNF3 and HNF4. The C/EBPs are also expressed in the undifferentiated cells at very low but detectable levels. Treatment with 3.5% DMSO causes HBC-3 cells to undergo differentiation along the hepatocyte lineage. This differentiation is accompanied by the up regulation of albumin and the liver enriched transcription factors HNF1a, HNF3, HNF4 and C/EBPa and b. In addition, the cells acquire the expression of Gamma glutamyl transpeptidase, Pepck, Apolipoprotein C-IV and Alcohol dehydrogenase. When HBC-3 cells are plated on a 1 mm cushion of undiluted Matrigel the cells lose albumin expression and become positive for the expression of gGT, CK19, CK7 and strongly positive for the expression of Aquaporin 1, a gene that is specifically expressed in the bile ducts within the liver (Roberts et al., 1994) . This pattern of marker expression is consistent with a bile duct like differentiation of HBC-3 cells when plated on Matrigel.
To further characterize the bile duct like differentiation of HBC-3 cells on Matrigel, we used a panel of 5 genes that are expressed in the liver during bile duct ontogeny, to compare our in vitro system with in vivo data (Fig. 4) . Four of the genes in this panel are up regulated during Matrigel induced differentiation in our cDNA microarrays (data not shown) and the data were confirmed using quantitative real time PCR (QRTPCR) (Fig. 4A) . The fifth gene, HNF1b was not represented on the AECOM 27K array and was assayed by quantitative real time PCR alone (Fig. 4A) . b-catenin was approximately 5 fold up-regulated within a day and is further up regulated (over 10-fold) at day 4. Polycystic kidney disease 2 up regulated in a pattern similar to b-catenin, initial up regulation followed by a dramatic increase on day 4 (Fig. 4A) , pointing to a possible autocrine stimulation and interaction of the products of these genes. Bicaudal C homolog 1 was up regulated approximately 5 fold from day 1 through day 5 and increased further to 11 fold on days 6 and 7. HNF1b was induced approximately 2 fold on days 1 and 2. On day 3, HNF1b was further up regulated 16 fold (Fig. 4A) . The levels 
HBC3 cells or HBC3 cells treated with either 3.5% DMSO or Matrigel for 4 days were assayed for the expression stem cell, hepatocyte and cholangiocyte markers. AFP, CK14, Albumin and CK19 were performed using immune staining and were previously reported (Rogler, 1997) . gGT was performed using histochemistry. CD34, C-kit, Aquaporin 1 and Aquaporin 8 were measured using cDNA microarray. HNF 1a and b, HNF3, HNF4 and C/EBP were measured by gel shift and have been previously reported (Ott et al., 1999) . PEPCK, apolipoprotein C-IV and alcohol dehydrogenase were detected using cDNA microarray and have been previously reported (Plescia et al., 2001 ). of HNF1b decreased slightly on day 5 to approximately 8 fold up regulated and by day 7 the levels had increased to 15 fold regulated. TIMP2, an inhibitor of matrix proteinases that is expressed by biliary duct cells within the ductal plate is up regulated approximately 6 fold on day 1 and sharply up regulated on day 4 (128 fold) and remains up regulated between 45-70 fold on days 5 through 7 of the time course (Fig. 4B ). These data further confirm a parallel between the HBC-3 in vitro differentiation model and current understanding of in vivo gene regulation during bile duct differentiation.
Time course of global transcriptional changes during bile duct differentiation
In order to assess the genome wide transcriptional changes associated with bile ductular differentiation we carried out cDNA microarray analysis over a 7-day period. For this experiment, undifferentiated HBC-3 hepatoblast RNA (0 time) was used as a common reference. Three independent biological repeats of the time course were used for the microarrays. Details of the experimental design are stated in the Experimental Procedures. The most dramatic phenotypic changes in HBC-3 cells occur during their first 24 h on Matrigel and this is reflected in the largest number (1289) of newly regulated genes. Interestingly, the number of significantly up (625) and down (664) regulated genes is essentially equivalent during this period. The peak of gene regulation occurred at day 3, 1084 genes were significantly up regulated and 625 genes were down regulated. This corresponded to the time when structures associated with duct formation are first detected by EM analysis. Significant gene regulation is maintained during the remaining days with a final burst at day seven, 1172 genes were up regulated and 806 genes were down regulated at day 7. The functional annotation of significantly regulated genes was performed using Source (Maximilian et al., 2003) and can be found in Supplementary  Tables S1 and S2 .
Functional clustering analysis of significantly regulated genes
We used an average linking hierarchical clustering algorithm to group the significantly regulated genes according to their expression pattern during Matrigel induced differentiation ( Fig. 5 ) and then we used EASE to determine if these clusters represent genes that are functionally related. This analysis allowed us to identify categories of genes that were statistically over represented within the list of regulated genes in each cluster with the goal of identifying the biological themes represented by each expression pattern. Using this analysis, we were able to identify eight functional clusters among the 2797 significantly regulated genes identified in our experiment. These eight expression patterns are labeled A-H (Fig. 5 ). An enlarged view of these eight clusters is shown in Fig. 6 . To the right of each cluster is a quantitative time course that plots the average expression pattern for each cluster. The functional annotation for the genes contained in each of these clusters can be found in Table S3 .
Cluster A (Fig. 6 ) contains genes that are induced from day 1 to 4. The expression of these genes becomes down regulated on days 4-7 so that their level of expression is approximately equivalent to the untreated control. The most significantly represented category of genes within this cluster was genes that are extracellular matrix components suggesting that modifications of the extracellular matrix are critically important during the early phases of tubule formation. Up regulated genes included this category included the procollagen genes Col3a1, Col5a1 and Col27a1, nidogen 1, chondroitin sulfate proteoglycan 2, epidermal growth factor-containing fibulin-like extracellular matrix protein 2 and SPARC related modular calcium binding 1 (Table S3) .
Cluster B contains genes that show a reciprocal pattern of expression compared to those in Cluster A. The genes in cluster B are expressed at a level that is approximately equivalent to untreated controls for the first 3 days of the time course. These . The data represent the average of triplicate measurements for each primer pair. GAPDH was used to standardize individual measurement.
genes are up regulated on days 4-7 of the time course. Interestingly, the most significantly represented categories of genes within Cluster B are genes that function in ATP biosynthesis and ion transport. These genes include subunits A, C and D of the ATPase, HC transporting, V1 and Slc31a2.
Cluster C contains genes that are up regulated by day 1 of the time course and are further up regulated on days 2 and 3. These genes remain highly up regulated on days 4-7. Several different categories of genes are significantly overrepresented in Cluster C. The most significantly overrepresented categories are vacuole, lysosome and lytic vacuole. There is significant overlap in the genes that were assigned to these categories. This is because these gene ontology categories have a direct linear relationship in the gene ontology categorization. Thirteen of the genes in these categories are lysosomal hydrolases and eight are peptidases. These data point out the importance of early and sustained up regulation of the degradative function of the lysosomes. This is not surprising since the process of ductular morphogenesis requires extensive remodeling of cellular structure that utilizes turnover of cellular components. In addition, genes that regulate of apoptosis are over represented in Cluster C. These include up regulation of pro-apoptotic, as well as, antiapoptotic genes. Of particular interest in this regard is the extraordinarily high expression of the anti-apoptotic gene, clusterin (You et al., 2003) . Clusterin expression is induced approximately 4 fold on day 1 and this level increases to 60 fold on day 3 and peaks at 78 fold by day 4. Other antiapoptotic genes such as JAK2, BCL-2 like, cullin 1 and gilz are also up regulated during the same period. Genes involved in fatty acid metabolism are also over represented in Cluster C.
Cluster D contains genes that become up regulated on day 2 and remain up regulated through day 5. Several of the genes in this cluster become less regulated on day 6, but are induced again on day 7. The most highly over represented functional group includes transcription factors, among which are b-catenin and SMAD1.
Cluster E contains genes that are strongly up regulated in the first 4 days and decrease slightly thereafter. The most highly over represented functional group includes whose Fig. 5 . Clustering of significantly regulated genes from the matrigel induced differentiation of HBC-3 cells. The 2797 genes displayed were significantly regulated as determined using SAM analysis. This subset of genes was clustered using the average linkage clustering implementation of Cluster 2.0 (Eisen et al., 1998) . The expression pattern of each gene is displayed as a horizontal strip. The vertical columns display the median value of the log 2 ratio of red/green fluorescence for each gene at each time point. Using this method eight clusters were identified (A-H) that contained genes that were functionally clustered as determined using EASE. The intensity of color red or green corresponds to the degree of up or down regulation, respectively, according to the color strip at the bottom of the figure. products are found in extracellular matrix. These include: collagens III and VI, matrix metalloproteinases, Adam12 and MMP9, and biglycan and glipican 1. Cluster E also contains genes that are involved in negative control of cell proliferation including, Janus kinase 2, Max dimerization protein 4 and src family associated phosphoprotein and caspase 3.
Cluster F contains genes that are down regulated compared to untreated controls on days 1-3. These genes become less down regulated on days 4-7. The most highly over represented category of genes in Cluster F is cytoplasm. Included in this category are several oncogenes including v-erb-b2, R-ras 2, myeloblastosis like oncogene 2 and neuroepithelial transforming gene 1.
Cluster G contains genes that are down regulated throughout the time course. The most highly over represented category of genes in Cluster G is cytoskeleton. This category includes b-actin, the myosins, Myl6 and Myo1c, and the tropomyosins, Tmp1 and Tmp2.
Cluster H contains genes that are unregulated compared to untreated cells on day 1, but become down regulated on day 2 and remain down regulated for the remainder of the time course. The most highly over represented category of genes in Cluster H is cell cycle.
Cell cycle genes are down regulated during differentiation
The interaction of HBC-3 cells with Matrigel leads to a reduction in the rate of cell proliferation. In order to identify key components of the cell cycle machinery specific for HBC-3 cells we sorted and clustered the cell cycle control genes from our data set (Fig. 7B) . These genes are represented in a map of the cell cycle control genes in Fig. 7A . This analysis revealed a broad based multi nodal concurrent down regulation of genes regulated throughout the web of the cell cycle control genes. Generally genes that promote cell cycle progression such as the cyclins and E2F1, are strongly down regulated, where as genes that block cell cycle progression such as p53, p107 and Histone deacetylase are up regulated. Interestingly, the E2F related gene, E2F4 that can function as a tumor suppressor (Moriyama et al., 2002) , is not up regulated suggesting that this gene does not play a role in HBC-3 differentiation induced growth arrest.
Notch signaling pathway alterations
At least part of the signal that initiates bile duct morphogenesis is the activation of Notch signaling in hepatoblasts adjacent to the portal mesenchyme (Tanimizu The vertical columns display the median value of the log 2 ratio of red/green fluorescence for each gene at each time point from tZ0 to 7. The intensity of color red or green corresponds to the degree of up or down regulation, respectively, according to the color strip at the bottom of the figure. and Miyajima, 2004) . Therefore, we looked at the pattern of expression of genes associated with Notch signaling during Matrigel induced differentiation (Fig. 8) . The Notch signaling pathway is outlined in Fig. 8A with up regulated genes in red and down regulated genes in green. The cDNA microarray data for each gene at each time point is represented in Fig. 8B .
Notch 1 is up regulated on days 1-5, it becomes approximately equivalent to day 0 on day 6 and is again up regulated on day 7. The components of the g-secretase, (Presenilin1 and 2) were up regulated during the time course (Fig. 8) . These proteins are involved in ligand induced cleavage of the Notch receptor. The Notch signaling target gene, Hairy/ enhancer of split related with YRPW motif 1 (Hey1), a member of the Hes family, is also up regulated indicating that the pathway is functioning in these cells during Matrigel induced differentiation (Fig. 8) . Manic fringe was down regulated during the time course. Manic fringe is a glycosyl transferase and a negative regulator of Notch signaling involved in boundary formation (Hicks et al., 2000) . The fringe proteins are down regulated by Hes family proteins (Bessho et al., 2003) . Therefore, down regulation of Manic fringe represents additional confirmation that Notch signaling is active during Matrigel induced duct formation.
TGFb/BMP1 signaling pathway is up regulated
In order to identify additional regulated signaling pathways that might play a role in differentiation of HBC-3 cells in vitro, we used GenMapp and MappFinder (Dahlquist et al., 2002; Doniger et al., 2003) . This analysis identified the TGFb/BMP signaling pathway (ZZ2.17) as the most significantly regulated pathway during the time course (Fig. 9) . Also, the gene for Bone Morphogenetic Protein 1 (BMP1, was very highly up regulated during the time course. BMP1 is a matrix metalloproteinase that cleaves both collagen and the TGFb/ BMP signaling antagonist, chordin.
There is significant up regulation of the type I TGFb receptor at the earliest time point measured, and this up regulation extends throughout the time course. Several of the SMAD genes, intracellular signaling molecules for the TGFb/BMP/activin signaling pathways, are regulated during bile duct differentiation (Fig. 9A) . In particular, SMAD3 and SMAD5 are significantly up regulated during the time course. SMAD3 is most closely associated with TGFb induced growth inhibition (Zhang et al., 1996) . SMAD5 is a mediator of BMP signaling (Fuchs et al., 2002) . There is also transient up regulation of SMAD7, an inhibitory SMAD (Ferrigno et al., 2002) , is only transiently up regulated on day 6 suggesting a possible transient negative feedback control. Each of these receptor SMADS interacts with SMAD4, a co-SMAD and translocates to the nucleus where they stimulate the transcription of BMP or TGFb regulated genes (Zhou et al., 1998) . Several TGFb/BMP regulated genes were up regulated during Matrigel induced bile duct differentiation. These included: GATA6, a transcription factor that is expressed in the fetal liver, IGF2, IGFBP4, IGFBP3, the IGF2 receptor and b-catenin (Fig. 9) . TGFb signaling also induces the expression of TGFbI, a protein that is thought to modulate the interaction of laminins and their receptor proteins, the integrins (Nam et al., 2003) and laminin g1. Laminin g1 is a TGFb inducible gene and is up regulated during the time course. In addition, TGFb signaling has been shown to be a potent inducer of Hey1 a member of the Hairy enhancer of Split family of Notch signaling proteins (Zavidil et al., 2004) .
In order to determine if this signaling pathway is preferentially activated during Matrigel induced differentiation of HBC-3 cells we isolated nuclear and cytoplasmic protein extracts from HBC-3 cells treated with Matrigel to induce duct differentiation and 3.5% DMSO to induce hepatocytic differentiation (Fig. 10 ). We were able to detect the signaling intermediates SMAD 3, 4 and 5 in the nuclear and cytoplasmic extracts of Matrigel treated cells. In DMSO treated cells, we were able to detect SMAD5 and SMAD4 in the nuclear fraction in undifferentiated cells and after 1 day of DMSO treatment. However, after 2 days of treatment with DMSO these proteins became undetectable in either nuclear or cytoplasmic fractions suggesting that TGFb/BMP signaling is down regulated during hepatocytic differentiation of HBC-3 cells.
In order to determine if this signaling pathway might play a role the control of the bipotent differentiation of hepatoblasts in vivo we looked for the expression of the TGFb/BMP signaling antagonist, chordin and the signaling intermediate SMAD5 within the liver on day 16.5 of gestation, corresponding to the approximate time of ductal plate formation (Fig. 11) . Chordin was detected within the liver at day 16.5 indicating that this signaling antagonist might play a role in limiting TGFb/BMP signaling within the parenchyma (Fig. 11A) . SMAD5, however was detected within hepatoblasts near the portal mesenchyme, participating in ductal plate formation (Fig. 11B) . Thus, we have identified a network of signaling pathways that can control the cascade of events important for bile duct morphogenesis and differentiation. This cascade appears to be important for the growth retardation, apoptosis and remodeling of the extracellular matrix that takes place during bile duct differentiation.
Discussion
Our microarray analysis has allowed us to construct a broad based model of the cellular and molecular changes associated with the differentiation of bipotent hepatoblasts along the cholangiocyte lineage. Several cellular events that must accompany the morphogenesis of single cells into tubular duct like structures are evident in the in vitro differentiation of HBC-3 cells in response to Matrigel. The formation of the ductal plate is the primary event triggered by interaction with portal mesenchyme. At least part of this signal is contributed by Notch signaling. However, in isolated hepatoblasts, Notch signaling was able to suppress the expression of hepatocyte markers but was not sufficient to up regulate cholangiocyte gene expression (Tanimizu and Miyajima, 2004) . Up regulation of cholangiocyte gene expression required a second inducer, Matrigel, which presumably is able to mimic additional factors required for bile duct differentiation and morphogenesis. In response to Matrigel treatment, HBC-3 cells assemble into single and then double cell plates during the first 24 h of culture on Matrigel. This is accompanied the onset of polycystic kidney disease 2 and Bicaudal C homolog 1 expression, as is ductal plate formation in vivo. In addition, Notch signaling pathway genes are up regulated indicating that Notch signaling is activated by Matrigel treatment in this system.
The most significantly over represented group of genes among the down regulated genes in our experiment were genes required for the progression through the mitotic cell cycle. HNF6 is required for the formation of bile ducts in mice, however, it inhibits the proliferation of biliary epithelial cells in response to bile duct injury (Holterman et al., 2002) . In HNF6 null animals, the level of HNF1b is transiently depressed suggesting that these transcription factors represent a cascade that may have a role in bile duct morphogenesis (Clotman et al., 2002) . Cells that resemble cholangiocytes in terms of their staining profile and morphology are more numerous in HNF6 (K/K) mice than in wild type animals (Clotman et al., 2002) . However, in 75% of these mice these cholangiocytes fail to organize into ductal plates, suggesting that HNF-6 may limit cholangiocyte proliferation and promote organization into ductular structures during normal bile duct differentiation and morphogenesis. HNF1b expression was strongly induced by Matrigel suggesting that this cascade is also active during HBC-3 differentiation.
Remodeling of the ductal plate is required for the later formation of the bile ducts. b-catenin and TIMP-2 are associated with the remodeling ducts in vivo and are up regulated during HBC-3 bile duct like differentiation. In addition, the most significantly over represented group of genes among the up-regulated genes in our experiment were genes that function in the lysosomes and lytic vacuoles, structures that have been associated with remodeling in other duct forming systems.
Apoptosis is thought to play a role in the regression of the ductal plate in humans. Inhibition of apoptosis in the surviving bile duct epithelial cells may be important for the formation of bile ducts. BCl2 is expressed in the single layered ductal plate and decreases as the cells undergo remodeling into the bile ducts (Fabris et al., 2000; , indicating that apoptosis may play a role in the ontogeny of the intrahepatic bile ducts in the human. In biliary atresias, where there is a persistence of the ductal plate as in Meckel's syndrome the ductal plate has a reduced apoptotic index (Sergi et al., 2000) . Similarly, in the PCK rat, a model of Caroli's disease, there is an imbalance between cell proliferation and apoptosis that appears to be important in the formation of biliary cysts in affected animals (Sanzen et al., 2001) .
Our data further suggest that apoptosis appears to play a role in the process of bile duct morphogenesis. We observed the up regulation of several genes that are associated with apoptosis during bile duct-like differentiation in vitro. Therefore, the disappearance of ductal plate cells between focal dilations may be the result of apoptosis. Cells within the dilations may be protected from signals that initiate apoptosis by the expression of anti-apoptotic genes at specific times. A very highly up regulated gene was clusterin, a secreted glycoprotein, that protects cells from apoptosis in some experimental situations (Zwain and Amato, 2000) . Clusterin is 78 fold up regulated by day 4, when other genes associated with remodeling are expressed. Clusterin is expressed during remodeling during digit formation and in the regression of the prostate following androgen withdrawal and is expressed in granulosa cells during follicular atresia (Zwain and Amato, 2000) . In these instances, clusterin expression is associated with the cells that survive apoptotic signals. These results suggest that clusterin may play a role in sparing cells within focal dilations from apoptosis.
Our analysis of the transcriptional changes that accompany this differentiation process has allowed us to identify several interrelated signaling pathways that are regulated during bile duct differentiation in vitro. The molecule at the apex of these signaling pathways is BMP1, an astacin metalloproteinase. BMP1 cleaves procollagen and allows the triple helix of collagen to form in the extracellular matrix. Therefore, BMP1 may play an important role in the remodeling of the extracellular matrix surrounding the developing bile ducts. BMP1 has also been shown to cleave chordin, an antagonist of the TGFb/BMP signaling pathway. Chordin is strongly expressed in the fetal liver when bile duct differentiation is initiated (Pappano et al., 1998 and Fig. 11 ). Thus, BMP1 can regulate signaling by TGFb and the BMPs making it an important regulatory molecule by virtue of its ability to locally inactivate signaling pathway antagonists. It is possible that by inhibiting the TGFb/BMP signaling pathways in the hepatoblasts that do not come in contact with the extracellular matrix that surrounds the portal vasculature, chordin may prevent these cells from participating in bile duct differentiation. Interestingly, BMP1 is down regulated when hepatoblast like HBC-3 cells are cued to differentiate along the hepatocyte lineage (Norel, Ader, Rogler and Rogler, manuscript in preparation) . The observation that a number of BMP and TGFb responsive genes are activated during bile duct differentiation in vitro raises the possibility that these signaling pathways play a role in the formation of duct structures. Antibodies to the C terminus of BMP1 were able to block the formation of tubules by HBC-3 cells suggesting that this molecule is important in the formation of ducts by these cells (data not shown). In addition, the intermediate signaling molecules, SMADs 3, 4 and 5 are preferentially expressed during Matrigel induced ductular differentiation, but are down regulated during DMSO induced hepatocyte like differentiation. Taken together these data suggest the TGFbBMP signaling pathway may play an important role in the control of bipotent differentiation of hepatoblasts. We have shown that the SMAD5 is preferentially expressed in hepatoblasts near the portal mesenchyme and that chordin, a TGFb signaling antagonist is expressed in the liver at 16.5 days of gestation suggesting that this pathway plays a role in bile duct formation in vivo as well.
It has been well established that the Notch signaling plays a role bile duct morphogenesis. The results of our microarray analysis suggest a link between TGFb signaling and Notch (Fig. 12) . We have found that Hey 1 is up regulated during Matrigel induced duct formation. Hey1 is a member of the Hes family of Notch signaling intermediates (Zavidil et al., 2004) ; and has been shown to act as a repressor of Manic fringe expression (Bessho et al., 2003) . Manic fringe is a negative regulator of Notch signaling. During Matrigel induced duct formation Hey1 is up regulated and Manic fringe is down regulated. Thus, TGFb/BMP signaling may modulate Notch signaling and contribute to the boundary formation that occurs during bile duct formation in the liver.
There is evidence that TGFb signaling may also be involved in the control of bile duct epithelial growth in the postnatal and adult liver. In biliary fibrosis, biliary atresia and following bile duct ligation, TGFb expression is up regulated in biliary epithelial cells (Lamireau et al., 1999; Tao et al., 2000) . In addition, the TGFb receptor II is up regulated following bile duct ligation and is a HNF-6 responsive gene (Holterman et al., 2002) . This raises the possibility alterations in TGFb/BMP signaling play a role in the control of biliary proliferation and biliary disease in the adult liver.
In summary, we have shown that changing the extracellular environment can trigger the in vitro bile duct like differentiation of HBC-3 cells. This differentiation has similarities to the process of bile duct formation in vivo. We have identified BMP1 and TGFb/BMP signaling as important molecules in bile duct like differentiation and have identified a link between Notch and TGFb/BMP signaling. Finally, we have used a global approach of cDNA microarray analysis of transcriptional regulation to identify a network of pathways that converge to bring about the remodeling of the extracellular matrix, growth suppression, and cell selection that are hallmarks of the morphogenesis of the intrahepatic bile duct.
Experimental procedures
Cell culture and differentiation
HBC-3 cells were maintained as previously described (Rogler, 1997) . In vitro bile ductular differentiation of HBC-3 cells was performed as previously described (Rogler, 1997) . HBC-3 cells were stripped of their feeder layer by trypsinization and replating overnight on tissue culture plastic. The following morning 5!10 5 HBC-3 cells were plated on a 1 mm thick Matrigel cushion prepared as directed by BD Biosciences. The Matrigel was used as supplied without dilution. Cells undergoing Matrigel induced differentiation were harvested using Cell Recovery Solution (BD Biosciences) at 1-7 days of Matrigel treatment for preparation of total RNA. Total RNAs were prepared using Qiagen RNeasy mini kit. The RNA quality was determined using an Agilent 2100 Bioanalyzer. This time course was repeated three times with independent passage 15 HBC-3 cell stocks.
Intrasplenic transplantation of GFP labeled HBC-3 clone 8 cells
HBC-3 cells were infected with a GFP expressing retroviral vector pLNSX/SV/GFP (Yin et al., 2001) in the laboratory of Dr Stewardt Sell. The isolation of single cell clones from the population of infected HBC-3 cells was performed in the laboratory of L. Rogler. Infected HBC-3 cells were plated in a 96 well plate at single cell density on a mitomycin C treated STON C feeder cells. Ten GFP expressing clones that exhibited the brightest GFP fluorescence were expanded on to duplicate wells of a 24 well plate on a mitomycin C treated STON C feeder layer. Several of the clones showed unstable GFP expression during the expansion, presumably due to loss or silencing of the transgene. A clone was selected for uniform high levels of GFP expression in the undifferentiated state and following differentiation with DMSO and Matrigel (data not shown). This clone was designated clone 8. Clone 8 cells were intrasplenically transplanted into 12-14 day old Alb-uPA G /Rag2 knock out universal recipient mice (Petersen et al., 1998) . Transplanted animals were sacrificed 1 week, 1, 3 and 6 months after transplantation. One animal was sacrificed at 1 week, 2 animals were sacrificed at 1 month, one animal was sacrificed at 3 months and 4 animals were sacrificed at 6 months. Livers were snap frozen and embedded in OTC cryogenic embedding compound. Eight to ten micron cryosections were fixed with ice cold Chloroform:Acetone 1:1 immediately following sectioning. DPPIV histochemistry was performed immediately after fixation and followed by immunoflourescent staining for GFP and Keratin. GFP was visualized by staining with rabbit anti GFP (Molecular Bioprobes Inc. Cat #A11122) and FITC labeled Donkey anti rabbit IgG. Cytokeratins were visualized using MAB1612 (Chemicon Int.) and Alexa 568 labeled goat anti mouse IgG. Photomicrographs were made using a Nikon inverted fluorescence microscope. Images were obtained using a Spot digital camera (Diagnostics Inc.) and Spot Advanced software. All animal studies were performed according to protocols approved by the Animal Care and Use Committee of the Albert Einstein College of Medicine in accordance with National Institutes of Health Guidelines.
Preparation of aRNAs
Five microgram aliquots of total RNA from undifferentiated HBC-3 or Matrigel treated HBC-3 cells were used to generate amplified RNA (aRNA) using the Ambion Message Amp Kit (cat.# 1750). The aRNA quality was determined using an Agilent 2100 Bioanalyzer. Amplified RNAs were stored as 5 mg aliquots under 100% Ethanol at -80 o C.
cDNA Microarray
The cDNA microarrays used were obtained from the Albert Einstein College of Medicine Functional Genomic Facility. 27,400 sequence verified mouse clones were spotted on each array. These represented sequences from 18,506 named genes, 4737 RIKEN cDNAs and 5467 ESTs. A list of the cDNAs included on these arrays can be found at http://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?accZgpl1205.
Preparation of Cy3 and Cy5 labeled targets
Cy3 and Cy5 labeled targets were synthesized using a modified version of the AECOM functional Genomics facility protocol (http://microarray1k. aecom.yu.edu/) as previously described (Plescia et al., 2001 ). Cy3 and Cy5 labeled targets were prepared using 5 mg aRNA, random primers and Superscript reverse transcriptase (Invitrogen). The purified Cy5 labeled targets were prepared from aRNA made from HBC-3 cells treated with Matrigel for 1-7 days. Cy3 labeled target from undifferentiated HBC-3 cells was the reference sample for all comparisons. Arrays were hybridized at 50 o C for 20 h. Washing was carried out as described at (http://microarray1k.aecom.yu.edu/). The time course was performed in triplicate using a total of 24 microarrays. The results 
Quantitative real time PCR
Quantitative real time PCR was carried out using an Applied Biosciences gene quantitation system 7000. The oligonucleotides used as primers for this analysis were: b-catenin, Forward 5 0 -GAGATCTCCGAGGTCTCATCCA-3 0 ;
Reverse 5 were calculated using GAPDH for normalization. The relative expression level of each gene was calculated using the formula 2 K(DDCt) . The data presented are the mean of three independent replicates.
Data analysis
Arrays were scanned for Cy3 and Cy5 florescence using a Genepix 4000 scanner (Axon Instruments Inc., Union City, CA). The signal intensity of a spot was considered to be significant if the signal intensity was 200 units greater the background for that spot and if it was not flagged as 'not found' by GenePix 3.0 software. The data obtained from qualified spots on each chip were deposited in BASE, a MIAME compliant database (Saal et al., 2002) . These data were normalized using the Loess implementation included in BASE. This approach performs intensity-based normalization by combining the simplicity of least squares regression with the flexibility of nonlinear regression. Loess is particularly appropriate for gene expression normalization, since it can remove intensity-dependent effects. Following filtration and normalization, the ratio of red and green fluorescence, (RAT) was quantified for each qualified gene. This ratio is reflective of the relative abundance of the gene in each experimental RNA sample compared to the reference RNA. The use of a common reference target allowed us to treat the fluorescence ratios as a measurement of the relative expression level of each gene across the time course of bile duct differentiation of HBC-3 cells. Genes that in the control/control chips showed a two fold change were removed from further consideration. The threshold for positive or negative regulation was fixed after examination of the log2 RAT distribution of the control/control arrays, thus eliminating highly variable genes in the control population. For data mining, first Statistical Significance Analysis for Microarray (SAM) was applied to the remaining genes (i.e. stable, nonvariable genes in the control experiment). SAM is a statistical method for identifying significant changes in gene expression that takes into account multiple testing (Tusher et al., 2001) . We accepted up to one expected falsely called gene on each day of the time course. This is translated to a q-value of ! 0.05% for Matrigel (TZ7).
Bioinformatics
Genes that were significantly regulated as determined by SAM were clustered using the average linkage hierarchical clustering method as implemented by Cluster (Eisen) . The clustering pattern generated was visualized using Treeview (Eisen et al., 1998) . The genes identified in each cluster were fed to EASE (Hosack et al., 2003) (http://david.niaid.nih.gov/ david/ease.htm) in order to get an updated annotation of those genes as well as a calculation of statistically enriched biological categories within a cluster with respect to the pool of genes in the microarray. Further annotation of the SAM genes was obtained using Source (Maximilian et al., 2003) . GenMapp was used to display genes in signaling pathways and GO categories and MappFinder was used to determine the significance of the regulation of pathways and categories (Dahlquist et al., 2002; Doniger et al., 2003) .
Isolation of nuclear and cytoplasmic protein fractions
Undifferentiated HBC-3 cells and HBC-3 cells treated with either Matrigel as described above or 3.5% DMSO (Plescia et al., 2001 ) for 1-5 days were used to isolate nuclear and cytoplasmic protein fractions using the NE-PER nuclear and cytoplasmic extraction kit (PIERCE, Cat #78833) according to the manufacturers directions. Matrigel treated cells were released from the Matrigel using cell recovery solution prior to fractionation. Protein concentrations of the extracts were quantified using the Bicinchoninic Acid assay (Sigma, Cat#B9643). Extracts were aliquoted and stored at K80 o C. The time course for each of these experiments was repeated three times.
PAGE and western blotting
Fifty microgram aliquots of each extract were separated using standard 10% PAGE-SDS. The gels were blotted on to Milipore Immobilon-P membrane in 48 mM Tris, 39 mM glycine, 0.037% SDS, 20% methanol, pH 8.3 at 90 V for 1 h, 4 o C.
Immunodetection of SMAD3, SMAD4, SMAD5 and actin
Western Blots bearing nuclear or cytoplasmic protein extracts were blocked using 1 X TBS, 0.1% Tween 20 and 5% nonfat dried milk for 1 h at room temperature. Rabbit Anti SMAD3 antibody (Upstate Signaling Solutions, Cat. #06-920) was diluted to 4 mg/ml in 1 X TBS, 0.1% Tween 20 and 5% nonfat dried milk and was incubated for 2 h at room temperature. HRP labeled goat anti rabbit anti IgG Secondary antibody (Cell Signaling, Cat. # 7074) was used at 1:2000 dilution in X TBS, 0.1% Tween 20 and 5% nonfat dried milk for 1 h at room temperature. HRP detection was carried out using the Western Lightning chemiluminescence Kit from Perkin Elmer, Cat #NEL100. Immunodetection of SMAD5 was performed using SMAD5 antibody (Cell Signaling Technology, Cat. #9517) diluted 1:1000 as described above for the SMAD3 detection. SMAD4 was detected using Goat anti SMAD4 antibody (Santa Cruz Biotechnology, SG-1909)1:100 dilution in 1 X TBS, 0.1% Tween 20 and 5% nonfat dried milk and was incubated for two hours at room temperature. HRP labeled donkey anti goat anti IgG Secondary antibody (Bethyl, A50-100P) was used at 1:1000 dilution in X TBS, 0.1% Tween 20 and 5% nonfat dried milk for 1 h at room temperature. HRP detection was carried out using the Western Lightning Kit from Perkin Elmer, Cat # NEL100. Chemiluminscent signals were detected using RX-B film from Lab Scientific. Films were developed using a Kodak X-omat developer. Films were scanned using a Dell AIO Printer/Scanner A940 using the manufacturers scanning software. Images were converted to black and white, the brightness and contrast were adjusted and the images were cropped using Adobe Photoshop CS. The composite shown in Fig. 10 was generated using Microsoft Visio.
Indirect immunoflourescence SMAD5 and chordin
10 micron cryosections of C57/Bl6 fetuses isolated at 16.5 days of gestation (the day of the copulation plug counted as day 0.5) were fixed for 5 min with ice cold 4% paraformaldehyde in 1X PBS. Sections were washed 2 times for 5 min in PBS at room temperature. Sections were incubated in blocking solution containing PBS and 5% normal donkey serum (NDS) (Santa Cruz) for 1 h at Room temperature. Chordin was detected using anti chordin antibody (Santa Cruz, sc-23557) at a 1:100 dilution in blocking solution. SMAD5 was detected using anti SMAD antibody (Cell Signaling technology, #9517) at a dilution of 1:100. Sections were incubated with the primary antibody solutions for 1 hour at room temperature; washed 3 times for 5 min with PBS and incubated with Alexa 488 labeled donkey anti rabbit IgG (Molecular Probes, A21206) (SMAD5) or Alexa 568 labeled donkey anti goat IgG (Molecular Probes, A11057) (Chordin) for 1 h at room temperature. Secondary antibodies were diluted 1:25 in blocking serum prior to use. Sections were washed 3 times with PBS and mounted with Vecta stain mounting medium with Dapi (Vector Labs). Images were photographed using a Nikon Inverted fluorescent microscope with a digital camera and SPOT software.
